This paper describes chip morphology and forces in end milling
Introduction
Machining is a chip generation process, in which the unwanted work-material is removed by a tool to become chip. Chip formation processes in metal cutting, particularly in turning and drilling, have been studied extensively ͓1-10͔. Elbestawi et al. ͓11͔, Ng et al., ͓12͔, and Becze et al. ͓13͔ have investigated chip formation and tool wear in high speed end milling of hardened steels. Ning et al. ͓14͔ have classified the chips observed from ball end milling of H13 hardened steel into four types: complete, unstable, critical, and severe chips. Kobayahsi ͓15͔ have discussed the mechanics and chip morphology in turning and drilling of plastics. The unique mechanical properties of elastomers, particularly the large elongation to fracture and low thermal conductivity, can greatly affect the chip formation during machining.
In general, chip formation in machining can be categorized as forming continuous, discontinuous, or serrated chips ͓9,10͔. The serrated chip with accompanying adiabatic shear band is commonly observed in machining materials that exhibit poor thermal properties with either low thermal conductivity or low specific heat. For materials with such poor thermal properties, the heat generated in the shear zone does not have time to escape. This raises the temperature in the shear zone and leads to thermal softening and adiabatic shear band formation. Titanium is an example material that exhibits such thermal characteristics. The thermal conductivity of titanium alloys is low, about 7 W/m•K, as compared to that of 35-40 W/m•K for steels. The adiabatic shear band formation occurs in machining of titanium alloys under a wide range of cutting conditions ͓7-10,16 -20͔.
Elastomers have even lower thermal conductivity, about 0.15 W/m•K, than titanium and may also promote adiabatic shear band formation in a chip. Furthermore, the low modulus of elasticity and low stiffness of an elastomer can trigger workpiece vibration during end milling and create wavy serration marks on the chip surface.
Most elastomer parts are manufactured using the molding process. The machining process is studied for the low-volume, prototype manufacturing of elastomer parts to avoid making the mold with complicated shape. In this paper, the chip morphology and corresponding forces are reported for several elastomer end milling experiments. In these experiments, both adiabatic shear band and wavy types of serrated chips were observed. Besides these two classical types of chip, other types of elastomer chips were observed and a classification method was developed. In addition, components of end milling force were measured and analyzed for different process conditions ͓21͔. The use of mechanistic or finite element methods ͓22-25͔ to model elastomer machining processes was also explored.
Optical pictures and SEM micrographs of various elastomer chips are presented and a classification procedure, based on chip size and morphology, is introduced and applied. The measured elastomer end milling force components are analyzed and correlated with corresponding chip morphology.
Chip Morphology
Seven sets of elastomer end milling experiments, denoted as Experiments I-VII, were conducted using thirteen different tools at various spindle and feed speeds ͓21͔. The thirteen end mills were used in Experiments I, II, and III to machine an elastomer workpiece at room, freezer-cooled, and solid carbon dioxide cooled temperatures, respectively. It was found that a double-flute, down-cut, carbide end mill ͑Tool 6͒ could generate a clean groove for room temperature elastomers. Experiments IV and V consist of twelve milling cuts made by Tool 6 at different feed and spindle speeds on room temperature and solid carbon dioxide cooled elastomer workpiece, respectively. The same end milling conditions were repeated in Experiments VI and VII using a double-flute, up-cut, carbide end mill ͑Tool 8͒. Additional experiments were conducted using Tool 4 with the same end milling conditions as in Experiments VI and VII. Elastomer chips in these experiments were collected and end milling forces were recorded.
The elastomer chips were black in color and did not reflect light. This characteristic hindered the ability to generate high quality optical camera or microscope pictures. However, light reflection is not a requirement for good imaging with a SEM, which can also achieve high magnification and reveal detailed features of an elastomer chip. Some elastomer chips were large ͑5 mmϩ͒. SEM has a limitation on the lowest level of magnification. It is difficult to get an overall evaluation of the morphology for a large size chip. Therefore, in this study, a digital camera with close-up lens was used in cooperation with a Hitachi S-4700 SEM, which can achieve a low 25X magnification.
The elastomer chips generated in Experiments I-VII in the previous study ͓21͔ were collected and examined. Diameters of end mills used in the test are 3.18, 6.35, and 12.7 mm. The half-circle uncut chips are 4.99, 9.97, and 19.9 mm long for end milling with 3.18, 6.35, and 12.7 mm diameter tools, respectively. However, the actual size of most of the observed chips was much smaller, which indicates that chip breakage occurs frequently during end milling of elastomers. The tool peripheral speed and maximum uncut chip thickness for a double-flute end mill are shown in Table I . These data will be used later as a reference to understand chip size and the chip formation process.
Optical pictures of elastomer chips as machined by Tools 1 to 13 in Experiments I and III are shown in Fig. 1 . The distance between two adjacent marks on the scale shown in this figure is 1 mm. The chips are categorized by both size and morphology. First, as shown in Fig. 1 , the chips are classified into five size categories: 1͒ 1-2 mm, 2͒ 2-3 mm, 3͒ 3-4 mm, 4͒ 4 -5 mm, and 5͒ 5ϩ mm. Note that various sizes of chip can be generated in one end-milling test. For example, the 1-2 and 3-4 mm chips are generated by Tool 1 in Experiment I. In contrast, some end milling conditions generate small, powder-like elastomer chip, such as Tool 2 in Experiment I. For some applications such as cutting scrap tires to produce recycled crumb rubber, these chips are preferred. Other end milling tests, such as Tools 8 and 9 in Experiment III, generated large-sized chips. The length of an uncut chip as cut by the 6.35 mm diameter Tool 8 was 9.97 mm. The 7 mm chip length generated by Tool 8 in Experiment III indicates that, compared to metal cutting, significant elastic recovery occurs during elastomer chip formation processes. The two large diameter tools ͑12 and 13͒ did not generate very large-sized chips as expected.
The end milling tests of Experiments I and III were conducted at the same 12.7 mm/s feed speed and 4200 rpm. As compared to the large chip generated by Tool 8 in Experiment III, frequent chip breakage must occur during the elastomer end milling. In general, it was found that cooling the elastomer workpiece to cryogenic conditions ͑Experiment III͒ created slightly larger chip sizes. The cutting edge geometry of router tools for wood machining is complicated. Based on results in Fig. 1 , it is difficult to find a correlation between the effect of tool geometry and chip morphology.
Different chip shapes were observed, as shown in Fig. 1 . Some chips are curled, and others are flat. Some chips have serration marks on the surface, and others have a smooth surface. Some chips are small and cannot be examined clearly using a optical camera with close-up lens. The combination of optical pictures and SEM micrographs were used to classify the chip morphology using the following four-step procedure:
Step 1. Examine if the chip has been burned or melted.
Step 2. Observe if the chip has rough or straight edges in the cutting direction.
Step 3. Inspect if the chip is curled.
Step 4. Look for the serration marks on chip surface.
The procedure is illustrated in Fig. 2 . Based on these four steps, the chips can be categorized into seven different types: B, RC, RF, SCE, SCM, SFE, and SFM. The types of chip generated in Experiments I and III are indicated in pictures in Fig. 1 . It is possible that two or three types of chip can be generated for the same cutting condition. For example, both B and RC chip types were observed as generated by Tool 1 in Experiment I.
The more detailed view of these seven types of chip morphology can be obtained with a SEM. SEM micrographs and discussions of the seven types of chips are summarized in the following:
• SFE chip: An adiabatic shear band shown in Fig. 3 was observed for Experiment VII at 4200 rpm and 14.8 mm/s feed speed using Tool 8 for end milling a solid carbon dioxide cooled elastomer. A detailed view of the chip surface and the adiabatic shear bands are shown in Fig. 3(b) . The spacing between two adjacent shear bands is about 0.4 mm. The shear band shown in Fig. 3(b) is very narrow, about 10 m wide. The low thermal conductivity of the elastomer is likely the cause for shear band formation. Among all 87 tests conducted, this is the only one that exhibits adiabatic shear band formation. The end milling conditions for inception of such adiabatic shear bands is not clear. This test is on the edge of an experiment matrix with four feed speeds and three spindle speeds ͓21͔. End milling with the same feed speed but higher ͑5500 rpm͒ and lower ͑2900 rpm͒ spindle speeds did not generate any chips with similar adiabatic shear bands.
• SCE chip: A curled and serrated chip with wavy serration marks on the surface was observed for some chips as machined by Tool 8 in Experiment III. The optical picture in Fig. 1 also reveals serration marks on the surface. SEM micrographs in Fig. 4(a) show the wavy form on a curled SCE chip. These wavy marks were most likely created by vibration of the elastomer workpiece during machining. Although elastomers are known for their good vibration damping capability, the force created during end milling can still cause the workpiece to vibrate and generate the wavy marks observed on the chip surface. Both the flat SFE and curled SCE chips were observed in this test ͑Tool 8, Exp. III͒. Figure  4(b) shows the SEM micrograph of a flat SFE chip with wavy marks on the surface.
• RF chip: Figure 5 shows a sample RF chip with a rough edge and flat surface as generated by Tool 6 in Experiment I ͑room temperature͒. Edges along the cutting direction are not straight in the RF type chip.
• SCM and RC chip: These represent are two other types of curled chips in addition to the SCE chip shown in Fig. 4(a) . Figures 6(a) and 6(b) show the SCM chips machined by Tool 11 in Experiments I and III. Both chips have smooth surfaces and straight edges in the cutting direction. The RC type of curled chip, as shown in Fig. 7(a) , was machined by Tool 4 with 2.12 mm/s feed speed and 5500 rpm. This was not one of the standard tests in Experiments I-VII. This chip has rough edges on all sides. Some of type B burned chips can also be seen in Fig. 7(a) .
• B chip: Smoke could be observed during some of these end milling tests. This indicates that heat generated during end milling was sufficiently high to burn and melt the elastomer material. At high temperature and atmospheric pressure, an elastomer sublimates to a gaseous phase. The gasification of an elastomer could leave a burned surface or edge on the residual chip that did not get totally burned. Figures 7(a) and 7(b) shows SEM micrographs of a burned chip. As shown in Fig. 7(a) , a burned chip can be small, less than 100 m, and lumped together. As shown in Fig 7(b) , edge burning on a chip was also observed. • SFM chip: As shown in Fig. 8 , the SFM type of chip which has a straight edge in the cutting direction and a flat and smooth surface was observed for Tool 4 in Experiment V with a 14.8 mm/s feed speed and 5500 rpm spindle speed on solid carbon dioxide cooled workpiece.
Inside the parenthesis for each picture in Fig. 1 , the cleanliness index of the groove machined by the specific end milling condition was presented ͓21͔. Level A corresponds to a burr-free and clean groove. Level B has some residual burrs on the groove surface. Level C displays a thin layer of residual elastomer covering the groove. And, level D is a clogged groove. Note that a burned chip is always associated with grooves with a clogged or a level D cleanliness groove. Therefore, poor cutting action occurred in the clogged groove with chip burning. The two large 12.7 mm diameter tools ͑Tools 12 and 13͒ did not generate larger size chips as expected. Even when the workpiece was more fully constrained and clean ͑level A͒ grooves were generated, the chips produced by Tools 12 and 13 were still very small, in the 2 to 4 mm range. In Fig. 1 , some small size chip flakes can also be seen among the chips collected for Tools 12 and 13. For the cutting conditions that generated large size chips, such as, Tools 8 and 10 in Experiment III, the cleanliness of the groove was in the partially-cleaned B and C levels. Both observations further indicate that the size of the chip does not correlate well with the cleanliness of the groove and the complexity of the chip formation process. The effect of spindle and feed speeds on chip morphology is illustrated in Fig. 9 . Chips corresponding to the four corners of the test matrix in Experiment V ͑2900 and 5500 rpm and 2.12 and 14.8 mm/s feed͒ were examined. These four end milling conditions have the same length of uncut chip ͑9.97 mm͒ and, as shown in Table 1 , different maximum uncut chip thickness. End milling at 2900 rpm and 14.8 mm/s feed speed generates a larger chip. This is also the end milling condition that has the largest maximum uncut chip thickness of 76 m. Many small size chip ͑1-2 mm͒ were mixed in all four end milling conditions. This further demonstrates the frequency of chip breakage and the random chip sizes in end milling elastomers.
Forces in End Milling of Elastomers
A Kistler Model 9257B piezoelectric force dynamometer was used to measure three components of force in the 87 elastomer end milling tests ͓21͔. In this section, the end milling force components generated by Tool 6 in Experiments I, III, and V are presented and compared. As shown in Fig. 10 , the X-axis is defined to coincide with the feed direction and the Z-axis is along the rotating axis of the end mill tool. The Z-axis is perpendicular and pointing outward from the surface of the flat elastomer plate. This sign convention was adopted from References ͓22-24͔. F x , F y , and F z are three force components acting on the workpiece from the rotating end mill. Figure 10 shows that due to the feed direction of end mill the F x component should be positive in general. F y should be mostly negative due to the rotational direction of the tool. Since the tool pushes the workpiece in the negative Z direction, F z should also remain negative. Note that vibra- tion of the workpiece and end mill could temporarily reverse the force direction, as will be seen later for measured force results. Figure 11 shows the measured F x , F y , and F z force components for end milling using Tool 6 in Experiments I and III. The force data include 10 revolutions of the end milling tool in the middle of its 114 mm travel across the groove in the fixture. The tool was rotating at 4200 rpm. Each revolution of the two-flute tool took 0.0143 s ͑70 Hz͒, as indicated in the time scale marker in Fig. 11 . Some noticeably different force responses were observed for the same tool cutting the elastomer at room and cryogenic temperatures. Ideally using the double-flute Tool 6, two peaks should occur in the force vs. time traces for each revolution or every 0.0143 s. Such a trend was obvious for F x and F y force traces in Experiments I and III. However, it was not clear for F z , which sometimes showed only one flat peak during a tool rotation. It is noted that the natural frequency of the dynamometer and fixture is much higher than the 70 Hz tool rotational speed. Figure 11 also shows values of average F x , F y , and F z components for the two cutting conditions. The data collected during the 114 mm cutting path was used to calculate the average force components. These average force values matched very well with the 0.143 s snap shot of force data in Fig. 11 . The average F x is 8.0 and 13.3 N, F y is Ϫ19.6 and Ϫ21.6 N, and F z is Ϫ60.2 and Ϫ84.2 N for Experiments I and III, respectively. As expected, F x remains positive and F y and F z remain negative most of the time. Under cryogenic condition, the elastomer workpiece is harder and requires higher machining forces. The magnitude of peak F x is about 30 N in Experiment III compared with 20 N in Experiment I. The difference in magnitude of F z for Experiments I and III is more significant. Since Tool 6 is a down-cut tool and the chip is forced downward into the surface, the compliance of the elastomer workpiece at room temperature allows the chip to exit the cutting area and generates a smaller F z .
To further investigate the effects of tool speed and feed on forces, three force components versus time graphs of selected cutting conditions at the four corners of the test matrix ͑2.12 and 14.8 mm/s feed speed and 2900 and 5500 rpm͒ were performed in Experiment V for Tool 6 end milling of solid carbon dioxide cooled elastomer, as shown in Fig. 12 . The data was collected for 10 consecutive tool rotations in the middle of the tool's 114 mm travel along the groove in the fixture. A negative F z of about Ϫ30 N for 2.12 mm/s feed speed and Ϫ40 N for 14.8 mm/s feed speed was observed. Similar to the trend observed in Fig. 11 , F z stays in a relatively constant level and does not vary drastically with the tool rotation. Two peaks of F x and F y in each tool rotation could be seen for all four cutting conditions. Significant variation of the magnitude of peak forces can be observed for both F x and F y . The chip breakage during machining, as illustrated in the previous section, is the likely cause.
The effect of chip thickness and strain rate could be identified in Fig. 12 . The maximum uncut chip thickness for these four cutting conditions is included in Fig. 12 . The two cutting conditions with 2.12 mm/s feed speed have smaller chip thickness and exhibit lower forces. The strain-rate hardening effect can be identified by comparing the magnitude of peak forces in two experiments at 14.8 mm/s feed speeds. These two experiments have different maximum uncut chip thickness, 76.6 and 40.4 m for 2900 and 5500 rpm tool speed, respectively. Although milling at 5500 rpm has smaller chip thickness, the level of peak forces for F x , F y , and F z is about the same: 30 N for F x , Ϫ40 N for F y , and Ϫ80 N for F z . Under the same feed speed, the increase in milling forces at higher spindle speed is likely due to the strainrate hardening of the elastomer material during cutting.
Effects of chip thickness and strain rate in Experiment V are further analyzed in eight milling conditions at 2900 and 5500 rpm tool speed and four feed speeds. Results of the averaged peak forces for F x , F y , and F z under these eight milling conditions vs. the maximum uncut chip thickness are shown in Fig. 13 . The averaged peak forces were calculated by averaging the absolute value of 20 consecutive peaks in 10 tool rotations for F x and F y ͑two peaks per tool rotation͒. For F z , the peak force was random in nature and 20 peak values were selected and averaged within the time span of 10 tool rotations. In Fig. 12 , under the same maximum uncut chip thickness, higher forces can be seen at 5500 rpm. Also, a linear trend of increasing tool forces versus maximum uncut chip thickness is identified, particularly for milling at 
Concluding Remarks
Chip morphology observations and force data collected in the 87 elastomer end milling tests ͓21͔ were analyzed in this study. Methods to take high quality optical pictures and low magnification SEM micrographs were developed to examine the elastomer chip. A four-step procedure was developed and applied to classify the seven types of elastomer chip morphology. The adiabatic shear band and wavy serration mark have both been observed on elastomer chip under specific end milling conditions. Three components of end milling force were recorded and analyzed. Effects of the workpiece compliance, strain-rate hardening, and chip breakage were recognized on the force data.
Experimental results show the modeling of elastomer milling process is possible but will be challenging. The compliance of elastomer workpiece is significant and needs to be incorporated. The strain rate effect and frequent chip breakage are also identified to be important for accurately modeling the elastomer machining process.
This investigation raised a future research topic on cutting conditions for the inception of adiabatic shear band and wavy serration marks. End milling, due to the complexity of the tool geometry, may not be the best cutting configuration to study this topic. Turning, especially the orthogonal turning of an elastomer tube, shall be investigated. The challenge will be fixture design to achieve rigid and consistent workpiece holding. 
